Schwartz, Faina, Arvi Duka, Irena Duka, Jing Cui, and Haralambos Gavras. Novel targets of ANG II regulation in mouse heart identified by serial analysis of gene expression. Am J Physiol Heart Circ Physiol 287: H1957-H1966, 2004. First published July 8, 2004 doi:10.1152/ajpheart.00568.2004.-Although the central role of ANG II in cardiovascular homeostasis is well appreciated, the molecular circuitry of its many actions is not completely understood. With the use of serial analysis of gene expression to assess global transcriptional changes in the heart of mice after continuous 7-day ANG II administration, we identified patterns of gene expression indicative of cardiac remodeling, including coordinate regulation of genes previously described in a context of processes associated with hypertrophy and fibrosis. In addition, we discovered several novel ANG II targets, including characterized genes of known function, recently annotated genes of unknown function, and the putative genes not yet present in current databases. The serial analysis of gene expression approach to assess the role of ANG II presented in this report provides new venues for inquiries into ANG II-mediated cardiac function.
THE KEY ROLE of ANG II in cardiovascular homeostasis is well documented. Although initially known for its vasoconstrictive action, the adverse effects of ANG II elevation on the heart independent of its hemodynamic influence were recognized in the early 1970s (7, 16) , and the cardioprotective outcomes of the pharmacological interventions that either prevent the ANG II formation from the inactive angiotensinogen precursor (14) or inhibit its interaction with specific receptors (15, 48) are now well appreciated in clinical practice (6, 13, 17) .
Experimental animal studies have shown that ANG II administration can cause multifocal myocardial lesions (16, 47) , and, via ANG II type 1 receptors, directly induce cardiac remodeling that involves myocyte hypertrophy (9, 25) , fibroblast proliferation, and subsequent fibrosis (47) , thus leading to the development of pathological cardiac hypertrophy and, ultimately, heart failure. Both in vivo and in vitro studies revealed that the ANG II effects in the heart are accompanied by changes in gene expression in the cardiac myocytes, fibroblasts, and endothelial cells (24) . While the queries of selected ANG II targets supplied important information on several molecular pathways underlying the physiological and pathophysiological actions of ANG II, an all-inclusive view is provided by the genome-wide transcriptional profiling that offers an opportunity to connect separate pieces of the puzzle through the identification of the new players not intuitively obvious from our present understanding of physiology. Thus simultaneous evaluation of 4,000 genes by the use of microarray technology to query the quantitative changes in left ventricular RNA in response to ANG II-induced progression, and, subsequently, regression of cardiac hypertrophy, revealed a set of genes previously not known to be associated with cardiac hypertrophy (12) . Recently, a comprehensive analysis of the cardiac transcriptional response to acute and chronic ANG II treatments has been carried out using microarrays containing 22,000 unique transcript probes (26) . One limitation of the microarray technology, however, is its dependence on the genes annotated to date. While the sequence of the human and mouse genomes is now available (22, 34, 50) , the gene annotation is still incomplete, and the total number of genes, their respective transcripts, and RNA splicing variants, remains undetermined. Unlike microarrays, the serial analysis of gene expression (SAGE) method (49) does not rely on a priori gene knowledge and generates a catalogue of short sequences (tags) from all transcripts present in a given cell, tissue, or organ at the time of analysis. We used SAGE to compare global transcriptional profiling in the mouse heart subsequent to continuous 7-day ANG II administration with that of salineinfused animals. The quantitative changes in the heart transcriptome detected by SAGE are presented in this report.
MATERIALS AND METHODS
Animals. Male C57BL/6J mice weighing 25-27 g were purchased from Jackson Laboratory (Bar Harbor, ME). The animals were housed in the animal quarters, and all experiments were conducted in accordance with the "Guidelines for the Care and Use of Animals" approved by the Boston University School of Medicine. Continuous infusion of 0.9 g/h ANG II (n ϭ 6) or saline (n ϭ 6) was carried out via subcutaneous osmotic minipumps (Alzet model 2001; Alza; Palo Alto, CA) for 7 days, as previously described (23, 41) . Systolic blood pressure (BP) and heart rate measurements were obtained daily in conscious mice using a computerized, noninvasive tail-cuff system (model BP 2000, Visitech Systems). On day 7, the BP of ANG II-infused mice was 156.5 Ϯ 12.9 mmHg (means Ϯ SD), whereas the control mice remained normotensive (110.8 Ϯ 9.5). After completion of BP measurements, the mice were euthanized with CO 2, and the organs were harvested. The RNA prepared from the homogenized hearts of control and ANG II-treated mice was used to construct, respectively, C-7dH and ANG II-7dH SAGE libraries and for results verification by quantitative real-time PCR (Q-RT-PCR).
Mice administered ANG II (n ϭ 8) and saline (n ϭ 7) for 14 days were prepared using the same protocol. On day 14, the BP of ANG II-infused mice was 149.1 Ϯ 14.8 mmHg, and the BP of control mice was 114.81 Ϯ 6.95.
In the 6-h treatment group, the mean arterial pressure was recorded with a computerized data-acquisition system (Power Laboratory/400, ADInstruments) after direct catheterization of the iliac artery and connection of the arterial line to a BP transducer, as described elsewhere (23) . At 6 h of ANG II (n ϭ 7) or saline (n ϭ 6) treatment, the mean arterial pressure values were, respectively, 134 Ϯ 7.38 and 102.2 Ϯ 9.15 mmHg.
After completion of the respective treatments, the total RNA was prepared from the heart, kidney, brain, and aorta of each animal for the Q-RT-PCR analysis presented in Fig. 2 .
Construction of SAGE libraries. Total RNA was prepared from homogenized hearts using TRIzol reagent according to the manufacturer's protocol (Invitrogen; Carlsbad, CA). To avoid potential contamination with genomic DNA, total RNA preparation was treated with DNase (Ambion; Austin, TX). To prepare SAGE libraries, ϳ25 g of total heart RNA from the control (n ϭ 6) and ANG II-infused (n ϭ 6) animals were combined, and 100 g of the pooled RNA were used to generate each library. Poly(A) ϩ RNA was isolated from the total RNA with oligo-(dT)25-coated magnetic beads (Dynal; Oslo, Norway). SAGE libraries were constructed as previously described (41) using NlaIII anchoring and BsmFI tagging restriction endonucleases (New England Biolabs; Beverly, MA) for tag generation. Concatemers were cloned in the SphI site of pZero (Invitrogen), and, following transformation of TOP10 Escherichia coli electrocompetent cells (Invitrogen), Zeocin-resistant colonies were checked for the presence of an insert by direct PCR using M13 forward and reverse primers. PCR-amplified inserts were sequenced at the Agencourt Bioscience (Beverly, MA). All electropherograms were checked manually to resolve sequencing artifacts and ambiguous base calls.
SAGE data analysis. Concatemer sequences of each clone were analyzed with the SAGE 2000 version 4.12 software (provided by Dr. Kenneth Kinzler's laboratory at Johns Hopkins Cancer Center, Baltimore, MD) to identify individual tags. Tags corresponding to linker sequences were discarded, and duplicate dimers were counted only once. The tag-to-gene assignment was carried out with the use of murine SAGE database at the National Center for Biotechnology Information at the site ftp.ncbi.nih.gov/pub/sage. Tags derived from mitochondrial transcripts were identified by sequence comparisons with the complete mouse mitochondrial genome (GenBank Accession No. J01420). Comparison between the two SAGE libraries was carried out using statistical functions available in the SAGE 2000 software for P value calculations and Monte Carlo simulations with a normalization value set to 18,000 tags per library and the minimal tag count setting of two for the two libraries combined. P Յ 0.05 was considered significant. Assignment of tags corresponding to differentially expressed genes was individually checked with the use of the SAGEmap (http://www.ncbi.nlm.nih.gov/sage/) database, retrieving the corresponding mRNA or expressed sequence tag sequences from the UniGene database, and verifying the tag location within the sequence.
Q-RT-PCR. The TaqMan RT reagents (Applied Biosystems, Foster City, CA) were used to synthesize oligo-(dT) 16 -primed cDNA in a 50-l reaction containing 1 g of DNase I-treated total RNA, as previously described (41) . Q-RT-PCR was performed with the ABI Prism 7900HT Sequence Detection System using a SYBR greenbased protocol (Applied Biosystems). Oligonucleotide primers (Table  1) were designed with the Primer Express 2.0 software program (Applied Biosystems) and manufactured by Integrated DNA Technologies (Coralville, IA). All reactions were run in triplicate and included negative controls. The concentrations of the forward and reverse primers were between 300 and 900 nM. After initial denaturation at 95°C for 10 min, the cDNA products were amplified for 40 cycles consisting of denaturation at 95°C for 15 s and annealing and extension in a single step at 60°C for 1 min. The SDS version 2.1 software generated standard curves from 10-fold serial cDNA dilutions, and the threshold cycle was normalized for each standard curve. The range of 
TTCTGAAGGGCCTGAGTGACA TTCACAGCCAGCCCTTTTG Q-RT-PCR, quantitative real-time PCR; Ckm, creatine kinase muscle; Crip1, cysteine-rich protein 1; Csrp1, cysteine and glycine-rich protein 1; Ddt, D-dopachrome tautomerase; Ech1, enoyl coenzyme A hydratase 1; Fn1, fibronectin 1; Ftl1, ferritin light chain 1; Gpx3, glutathione peroxidase 3; Hba-a1, hemoglobin-␣, adult chain 1; Hig1, hypoxia-induced gene 1; Ldb3, LIM domain binding 3; Ly6e, lymphocyte antigen 6 locus E; myo1g, myosin 1G; Ndufa2, NADH dehydrogenase 1-␣ subcomplex 2; Ppia, peptidylprolyl isomerase A; Serping 1, serine proteinase inhibitor, clade G, member 1; Sparc, secreted acidic cysteine-rich glycoprotein; Uqcrfs1, ubiquinol cytochrome c reductase, Rieske iron-sulfur polypeptide 1. slopes was between Ϫ3.22 and Ϫ4.01, where the value of Ϫ3.33 corresponds to 100% efficiency of the PCR. The copy numbers for all samples were normalized with the data obtained from the Gapdh endogenous control in the same tissue.
RESULTS
The overall profiles of SAGE libraries. Using SAGE, we analyzed over 36,000 tags derived from transcripts present in the heart of C57Bl6 mice. Of these, 18,124 tags originated from the SAGE library prepared from the hearts of mice subjected to continuous 7-day ANG II administration (ANG II-7dH library), and 18,482 tags were derived from mice infused with saline (C-7dH control library). The number of individual transcripts identified in each library was, respectively, 6,609 and 6,433. A complete list of all SAGE tags from this study is available online at the Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo) under Accession Nos. GSM23548 and GSM23547.
Comparison of the C-7dH and ANG II-7dH libraries revealed Ͼ100 tags significantly (P Յ 0.05) differing in abundance. All tags listed in Table 2 for which the gene sequences are available have been individually checked to ascertain the presence and position of the tag within the corresponding gene. Whereas the majority of tags were localized at the last NlaIII (an anchoring enzyme used for the SAGE library construction) recognition site of the transcript, 14 tags (Table 2) were adjacent to a more upstream NlaIII site, suggesting potential alternative splicing or polyadenylation of the respective transcripts. However, the mitochondrially derived tags have not been subjected to the same analysis because the mitochondrial transcripts are polycistronic (46) . Eleven tags shown in Table  2 matched more than one gene, and 19 tags remained unassigned. Of these, 13 ( Table 2 , underlined) have been previously detected in the SAGE libraries derived from the adult mouse heart (2) and cardiac fibroblasts (42) .
Because SAGE libraries were prepared from the pooled RNA samples, we assessed the degree of interanimal variability by examining a selection of differentially expressed genes by Q-RT-PCR using RNA from individual mice. Out of 32 randomly selected genes tested, 28 genes (82%) confirmed SAGE finding, with 24 genes (Fig. 1 ) reaching a statistical significance of P Յ 0.05, as judged by Student's t-test.
Coordinate regulation of genes with related function. To evaluate the quantitative changes identified by SAGE in a physiological context, the transcripts have been grouped into functional categories defined by the Gene Ontology (http:// www.geneontology.org) classification. As shown in Table 2 , SAGE detected coordinate regulation of genes with related function within several categories, including energy metabolism, protein synthesis machinery, extracellular matrix (ECM), cytoskeletal organization and biogenesis, and calcium homeostasis. In addition, SAGE detected altered expression of genes for several transcription factors, intracellular signaling proteins, oxygen transporters, posttranslational processing proteins, and defense response. The modifications in the heart transcriptome revealed by SAGE are consistent with the quantitative and qualitative changes taking place during cardiac remodeling, myocyte hypertrophy, and fibrosis reported by others (27, 45) . Importantly, several novel ANG II targets have been identified in this study.
Novel genes identified by SAGE with a likely function in ANG II-induced cardiovascular pathologies.
In addition to genes with a designated Gene Ontology classification, we also detected six recently annotated genes and two expressed sequence tags, the functions of which have not yet been elucidated (Table 2) . To begin our inquiry on the role of the novel genes in ANG II-mediated processes, we examined expression of Hig1, D930010J01Rik, 2900002H16Rik, and 2310008C07Rik in the heart, aorta, brain, and kidneys of control mice and mice administered ANG II for 6 h, 7 days, and 14 days. We found that, whereas each of the four genes has a unique expression profile (not shown), the response to ANG II is detected only in the cardiovascular system (Fig. 2) .
Thus expression of Hig1, ubiquitously transcribed in the brain, kidney, heart, and aorta (not shown), changes in response to ANG II only in the heart and aorta ( Fig. 2A) . In the aorta, we detected upregulation of Hig1 in mice administered ANG II for 7 days, whereas in the heart, Hig1 is downregulated at days 7 and 14 of ANG II treatment ( Fig. 2A) .
Expression of D930010J01Rik, abundant in the heart, aorta, and the kidney, but barely detectable in the brain (not shown) changes in response to ANG II only in the heart. As shown in Fig. 2B , significant downregulation of D930010J01Rik is detected in the heart of mice after 7 days of continuous ANG II infusion. At day 14 of ANG II administration, the transcript level no longer differed from that of the controls. Unexpectedly, D930010J01Rik is also downregulated in mice fed a high-salt diet after subtotal nephrectomy, an established animal model of salt-sensitive hypertension (Fig. 2B) .
The 2900002H16Rik gene is expressed in the heart, aorta, and brain, but not in the kidneys (not shown). However, differential expression in response to ANG II treatment was detected only in the heart (Fig. 2C) . The 2900002H16Rik appears to be one of the early response genes because the change in its expression can be detected at 6 h of ANG II administration (Fig. 2C) . Marked downregulation of 2900002H16Rik is seen on day 7 (Fig. 2C ), but not on day 14 of infusion.
The 2310008C07Rik is prominently expressed in the heart and the aorta, but not in the brain or the kidneys (not shown), and a response to ANG II was observed only in the heart (Fig.  2D) . In contrast to Hig1, D930010J01Rik, and 2900002H16Rik, which exhibited a decrease in transcript level on ANG II administration, expression of 2310008C07Rik is upregulated (Fig. 2D) . Similarly to 2900002H16Rik, 2310008C07Rik appears to be an early response gene. The most pronounced change in expression is seen at 6 h of ANG II infusion, and is sustained at days 7 and 14 of treatment (Fig. 2D) .
DISCUSSION
ANG II, an oligopeptide of eight amino acids, exerts several physiological influences on the cardiovascular system, affecting cardiac preload and stroke volume by regulating water and electrolyte homeostasis and vascular resistance and cardiac afterload by its vasoconstrictive action, stimulating the sympathetic nervous system at several levels, reducing the vagal activity, and promoting vascular and cardiac growth via direct interaction with ANG type 1 receptors (36) . Not surprisingly, ANG II excess has a profound impact on cardiovascular homeostasis. In addition to hypertension, elevated ANG II directly induces cardiomyocyte hypertrophy and interstitial cardiac fibrosis, thus impairing myocyte contractility, oxygenation, and metabolism and leading to the progression to the pathological ventricular remodeling and heart failure (24, 27) . Most of the ANG II-mediated effects in the heart occur through the activation of the ANG type 1 receptors (52), triggering a complex set of events that include stimulation of phospholipase C, subsequent activation of protein kinase C and release of Ca 2ϩ from intracellular stores, phosphorylation of mitogenactivated protein kinases, transient induction of immediateearly genes, such as c-fos, c-myc, c-jun, and egr1, followed by transcriptional changes of the late response genes of the hypertrophic phase (24, 27) . Despite great strides in the unraveling of the molecular circuitry underlying the development of cardiac hypertrophy and the transition to heart failure, our understanding of these processes remains incomplete. In this study, we used SAGE, a powerful global gene expression method, to identify novel cardiac ANG II targets.
With the use of SAGE to assess transcriptional profile of the mouse heart after continuous 7-day ANG II administration, we identified patterns of gene expression consistent with the remodeling process (45) . Overall, our data are in agreement with those of previous reports emphasizing extensive reprogramming of the genes involved in ECM and cytoskeletal and sarcomere organization, the metabolic functions, calcium han- SAGE, serial analysis of gene expression; ECM, extracellular matrix; Rpl17, -4, -38, -39, ribosomal protein L17, L4, L38, and L39; Mrps15, mitochondrial ribosomal protein S15; Rps29; ribosomal protein S29; Col3a1, procollagen type III ␣1; Col15a1, procollagen type XV ␣1; Tnni3, troponin 1, cardiac; Myh6, myosin heavy polypeptide 6, cardiac; Csrp3, cysteine and glycine-rich protein 3; Tmsb10, thymosin ␤10; Ptk9l, protein tyrosine kinase 9-like (Twinfilin 2); Cmya4, cardiomyopathy associated 4; Calr, calreticulin; Pln, phospholamban; Ankrd1, ankyrin repeat domain 1, cardiac (CARP); Lamr1, laminin receptor 1, SA; Gng11, guanine nucleotide binding ␥11; Zdhhc14, zinc finger DHHC domain containing 14; Hod, homeobox only domain; Mb, myoglobin; Hbb-y, hemoglobin Y, ␤-like embryonic; Ctsb; cathepsin B; Ctsh, cathepsin H; Slc25a4, solute carrier family 25 member 4; Hnrpa2b1, heterogeneous nuclear ribonucleoprotein A2/B1; Fkbp4, FK506 binding protein 4; Cox1, cytochrome oxidase subunit 1; Fh1, fumarate hydratase 1; mt-Rnr1, 125 rRNA, mitochondrial; Atp5b, ATP synthase, H ϩ transporting F1 complex ␤-subunit; Oxct3, oxoacid CoA transferase; Cox7a1, cytochrome c oxidase subunit VII ␣1; mt-Rnr2, 16S rRNA; mt-Cytb, cytochrome b; Aatp1a1, Na ϩ -K ϩ -ATPase ␣1 polypeptide; Sdhd, succinate dehydrogenase subunit D; MCG:58837, cytochrome c oxidase copper chaperone; mt-Atp6, ATPase subunit 6; Ndufa9, NADH dehydrogenase 1␣ subcomplex 9; mt-Nd2, NADH dehydrogenase subunit 2; Dp1, deleted in polyposis 1; Hadha, hydroxyacyl coenzyme A dehydrogenase-␣ subunit; Fabp3, fatty acid binding protein 3 for muscle and heart; Mylcd, malonyl-coenzyme decarboxylase; Hadhsc, L-3-hydroxyacyl-coenzyme A dehydrogenase short chain; Rad54l, RAD54-like S. cerevisiae; Tnni3, troponin 1, cardiac; Bsnd, Bartter syndrome; Cst3, cystatin 3; Lyzs, lysozyme; Lcp1, lymph cytosolic protein 1; Ndufs1, NADH dehydrogenase (ubiquinone) Fe S protein 1; Pdhb, pyruvate dehydrogenase (lipoamide)-␤; Eef1a1, translation elongation factor 1-␣1; Tuba2, tubulin ␣2; Mglap, matrix gla protein. For each SAGE tag, the sequence, count (normalized to 18,000 total per library), P value (calculated with SAGE 2000 software), UniGene cluster identification number, and gene assignment are shown. Unassigned tags previously detected in other SAGE libraries derived from adult mouse heart (Ref. 2) and/or cardiac fibroblasts (Ref. 42) are underlined. *Genes verified with the Q-RT-PCR method (see Fig. 1 ). ‫ءء‬Genes with a tag localized to an upstream NlaII site. . The y-axis shows the difference in the expression level of genes (listed in alphabetical order on the x-axis) in the hearts of mice administered ANG II for 7 days (n ϭ 6) relative to the saline-infused controls (baseline) (n ϭ 6), presented as (ANG II-7dH transcript copy number/C-7dH transcript copy number) Ϫ 1. Q-RT-PCR was performed using total RNA from the hearts of individual animals. The transcript copy numbers for all samples were normalized with the data obtained from Gapdh endogenous control, and the means Ϯ SE were calculated. Statistical analysis was performed by Student's t-test, and the P values obtained for each gene are shown. The numbers in parentheses correspond to the numbers of tags detected in the C-7dH and ANG II-7dH SAGE libraries, respectively. Ckm, creatine kinase muscle; Crip1, cysteine-rich protein 1; Csrp1, cysteine and glycine-rich protein 1; Ddt, D-dopachrome tautomerase; Ech1, enoyl coenzyme A hydratase 1; Fn1, fibronectin 1; Gpx3, glutathione peroxidase; Hba-a1, hemoglobin-␣, adult chain 1; Hig1, hypoxia-induced gene 1; Ldb3, LIM domain binding 3; Ly6e, lymphocyte antigen 6 locus E; Myo1g, myosin 1 G; Ndufa2, NADH dehydrogenase 1␣ subcomplex 2; Ppia, peptidylprolyl isomerase A; Serping1, serine proteinase inhibitor clade G, member 1; Sparc, secreted acidic cystein-rich glycoprotein; Uqcrfs1, ubiquinol cytochrome c reductase, Rieske iron-sulfur polypeptide 1.
dling, and intracellular signaling, observed in experimental models of heart failure induced by pressure overload (32), genetic modifications (8, 32), or drug treatments (12, 25, 26) , suggesting the existence of a common basic mechanism underlying the various aspects of cardiac remodeling in response to different initiating insults.
Increase in protein synthesis. Activation of protein synthesis is a hallmark of myocyte hypertrophy (27, 33) , whereby the heart adapts to increased workload by augmenting its muscle mass through the enlargement of cell size in the absence of cell division (27) . Consistent with cardiac hypertrophic response, SAGE shows prominent upregulation of the various components of the protein synthesis apparatus (Table 2) , including structural constituents of small and large ribosomal subunits and translation initiation and elongation factors.
Repressed energy metabolism. The altered heart bioenergetics in response to ANG II is striking. Energy deficit is a well-recognized characteristic of the failing heart (45) and is known to reflect the depression of the mitochondrial function (37) , impairment of the creatine kinase system (21) , and defective lipid metabolism (53) . Not surprisingly, SAGE showed coordinate downregulation of genes involved in ATP production, including the mitochondrial-and nuclear-encoded components of the oxidative phosphorylation, and creatine kinase. There is also a decrease in transcripts for proteins involved in lipid transport (fatty acid binding protein 3) and fatty acids ␤-oxidation (Ech1, Hadhsc, Oxct, and Mlycd), whereas the sugar transporter gene (Dp1) is upregulated, consistent with the previously noted switch from lipid to glucose catabolism in the remodeling heart (45) . The decline in the respiratory function also leads to increased production of reactive oxygen species in mitochondria (51), contributing to oxidative stress, and is potentially an important component of the ANG II-induced hypertension and cardiovascular disease (39) . The upregulation of glutathione peroxidase 3 detected by SAGE (Table 2) likely reflects the cardiac response to oxidative stress.
ECM and cytoskeletal organization. Profound changes in the expression of genes related to cellular and extracellular architecture, previously highlighted in numerous studies of heart failure in the context of fibrosis, contractile dysfunction, and cytoskeletal stiffness, have been likewise detected by SAGE.
The changes indicative of myocardial fibrosis include both increased expression and altered composition of ECM components, such as upregulation of collagens type III and type XV, fibronectin Fn1, and Mglap (see Table 2 ); and upregulation of Sparc, the secreted acidic cysteine-rich glycoprotein (also known as osteonectin) (Table 2) , a matricellular protein known to modulate cell shape, cell adhesion, and expression of ECM components (54) . These genes are known targets of ANG II regulation (11, 18, 24, 25, 40, 45) and their upregulation in failing heart has been well documented (4, 12, 32, 43, 44) .
The altered expression of myosin, recognized by SAGE, involves downregulation of ␣-myosin heavy chain, previously documented in hypertrophied human heart (28, 35, 44) , and an upregulation of myosin 1G. A new ANG II target identified by SAGE is cardiomyopathy associated 4 (Cmya4) (also known as striated muscle UNC45), which encodes a protein with a role in sarcomere organization (38) .
The changes in the cytoarchitecture suggestive of cardiac remodeling include modified expression of genes that encode both the structural components of the cytoskeleton and proteins that regulate cytoskeletal assembly. In particular, microtubular densification found in myocytes during cardiac hypertrophy , 2900002H16Rik (C), and 2310008C07Rik (D) in the tissues from experimental relative to the control (baseline) animals, presented as (transcript copy number in experimental mice/transcript copy number in control mice) Ϫ 1. Q-RT-PCR, run in triplicate and including negative controls, were performed using total RNA from the brain, kidney, aorta, and heart of mice infused with ANG II (n ϭ 6) or saline (n ϭ 6) for 6 h (6 hr); ANG II (n ϭ 6) or saline (n ϭ 6) for 7 days (7D), and ANG II (n ϭ 7) or saline (n ϭ 8) for 14 days (14D). The heart salt sample shown in B was obtained from mice subjected to subtotal nephrectomy, as previously described (23, 29) . After subtotal nephrectomy, experimental animals in this group were placed and maintained on 1% NaCl as drinking water for a maximal period of 35 days. Control mice were placed and maintained on regular drinking water. The average end-point blood pressure (BP) for the hypertensive animals used in this experiment (n ϭ 6) was 153 Ϯ 5 mmHg and for the control mice (n ϭ 6) was 112 Ϯ 7.5 mmHg. The transcript copy numbers for all samples were normalized with the data obtained from Gapdh endogenous control in the same tissue, and the means Ϯ SE were calculated. Statistical analysis was performed by Student's t-test. Only statistically significant (P Յ 0.05) differences in transcript abundance are shown. and failure is thought to promote cardiac dysfunction by creating an increased load on myocytes, thus impeding sarcomere motion (20) . Upregulation of ␣-tubulin detected by SAGE in this study has been previously reported in the failing human heart (44) . We also identified an upregulation of the genes for actin monomer-binding proteins [protein tyrosine kinase 9-like (Ptk9l); or Twinfilin-2] and thymosin ␤10 and differential regulation of four LIM-domain proteins [Csrp1, Csrp3, Crip1, and LIM domain binding 3 (Ldb3)] (Table 2) known to interact with the filamentous actin cross-linker ␣-actinin. Of these, Csrp1, Csrp3, and Crip1 are upregulated, whereas Ldb3 is downregulated. Csrp3, found exclusively in striated muscle, is known as a positive regulator of myogenesis with a function in cardiomyocyte cytoarchitecture (3). Mice with targeted disruption of this gene develop dilated cardiomyopathy with hypertrophy and heart failure (3). Its regulation by ANG II, to our knowledge, has not been reported. Ldb3 (also known as cypher) encodes another striated muscle-restricted protein and is likewise a newly recognized target of ANG II regulation. Ldb3 co-localizes with ␣-actinin-2 at Z lines in cardiac muscle and has been suggested to function as an adaptor between protein kinase C-mediated signaling and the cytoskeleton (55) .
Intracellular signaling. One of the well-recognized indicators of cardiac hypertrophy is an upregulation of atrial natriuretic peptide (ANP) in ventricular myocytes (25, 30) . The normal site of ANP synthesis in the adult mammalian heart is confined to the atria, whereas its expression in the ventricle is normally observed only during the fetal and neonate stages (30) . In the adult, ventricular ANP expression signifies pathological conditions, such as hypertension and congestive heart failure. Interestingly, whereas increased expression of ANP in the whole heart has not been detected by SAGE in this study, SAGE identified upregulation of a recently annotated gene LOC230899, described in the GenBank database as a gene similar to ANP precursor (Table 2 ). Sequence analysis revealed that the LOC230899 gene pointed out by SAGE is a splicing variant of the ANP precursor message. Its relationship to the ANP transcript detected in the numerous studies of cardiac hypertrophy by Northern blot analysis, RT-PCR, or microarray methods (4, 8, 12, 25, 32, 43, 44) remains to be elucidated.
SAGE detected increased expression of the cardiac ankyrin repeat protein (Table 2) , a cardiac-specific nuclear modulator of gene expression during cardiogenesis and a marker of cardiac hypertrophy in the adult (1) . Its upregulation has been previously described in three distinct models of cardiac hypertrophy in the rat: constriction of the abdominal aorta, the spontaneously hypertensive rat, and the Dahl salt-sensitive rat (1) .
Calcium homeostasis. SAGE shows downregulation of genes for calreticulin and phospholamban, proteins involved in Ca 2ϩ handling. Calreticulin, a Ca 2ϩ -binding chaperone residing in the lumen of the endoplasmic reticulum, is known to affect intracellular Ca 2ϩ homeostasis by modulating Ca 2ϩ storage and transport (31) . As an upstream regulator of calcineurin, the calcium-dependent protein phosphatase calreticulin plays a vital role in cardiac physiology and pathologies (31) . Phospholamban, a sarcoplasmic reticulum membrane protein, is a regulator of SERCA2a, the cardiac isoform of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase, diminished expression of which is considered to be one of the markers of chronic cardiac overload (19) . Transcription factors. SAGE revealed downregulation of two transcription factors (Table 2) , zinc finger DHHC domaincontaining 14 and homeodomain only protein, previously not known to be regulated by ANG II.
Genes of unknown function and unknown genes. An important advantage of SAGE over the other presently available high throughput methods of transcriptional profiling is its capability of detecting quantitative changes in the levels of unknown transcripts, including previously unrecognized genes as well as novel splicing variants (5) . In the present study, we identified a difference in expression of several novel genes ( Table 2) . Whereas the sequences of six of these genes have been elucidated in a course of the mouse genome sequencing and annotation effort (10, 34) , their functions remain unknown. The distinct expression profiles of the four novel genes in response to ANG II presented in this report (Fig. 2) suggest that each plays a unique role in ANG II-mediated cardiovascular effects.
In addition, SAGE revealed changes in the abundance of 19 tags ( Table 2 ) that do not match sequences of known genes, 13 of which have been found in other SAGE libraries prepared from the adult mouse heart (2) and cardiac fibroblasts (42) , thus underscoring the deficiencies in current gene databases. The isolation of transcripts corresponding to these unassigned tags is likely to fill in additional blanks in our present knowledge of the ANG II-mediated pathologies.
